Summary Thyroid cancer incidence has been increasing in many countries, whereas mortality has been falling due to better survival. Radiation is the best-established risk factor and there has been concern that recent rises in incidence might be related to fallout radiation from atmospheric nuclear weapon tests. We examined thyroid cancer time trends and geographical distribution in England and Wales and possible interpretations of these.
Thyroid cancer incidence is increasing in many countries (Pettersson et al., 1991; Weiss, 1979) . Exposure to radiation is the main established risk factor. In the USA, the increase in incidence has been associated with widespread use of X-ray therapy for benign conditions of the head and neck among infants and children (deGroot & Paloyan, 1973; Favus et al., 1976; Pottern et al., 1980) . Risk is also raised in survivors of the atom bombs of Hiroshima and Nagasaki (Socolow et al., 1963) and populations accidentally exposed to high levels of fresh fission products from nuclear bomb emplosions (Conard et al., 1970) . Since nuclear weapon tests release radioactive iodine into the atmosphere, there has been concern that they may have carcinogenic effects on the thyroid (Campbell & Doll, 1963) .
The risk of thyroid cancer has also been found increased in patients with a history of goitre and other benign thyroid disorders (Preston-Martin et al., 1987; Ron et al., 1987) , but it is not clear which specific benign diseases might be involved and what the relation is with iodine-deficiency. In women, particularly at young ages, positive associations with parity and other reproductive factors have been found in some studies (Kravdal et al., 1991; Preston-Martin et al., 1987; Ron et al., 1987) but not all (McTiernan et al., 1987) .
The present study utilises data from the England and Wales National Cancer Registry and national mortality files to examine recent time trends and geographical distribution of thyroid cancer in the country, and to consider potential risk factors underlying them.
Sources of data and methods
Cancer registration has existed at a national level in England and Wales since 1945, and since 1962 it has had national coverage. Registrations are carried out by regional registries which then send the data to the national registry at the Office of Population Censuses and Surveys (OPCS). Further details can be found elsewhere (Swerdlow, 1986) . Notification is voluntary. Completeness of registration has probably been about 90% nationally since 1971, and over 95% for the best regional registries (Swerdlow et al., in press ). Data on cause of death have been collected since 1837 and have been virtually complete since 1926 (Swerdlow, 1987) .
Time trends
Data on thyroid cancers (ICD7: 194; (WHO, 1957; 1967; 1977) (Beral et al., 1978 (Swerdlow et al., in press. Rates calculated using population estimates as denominators would therefore be biased. Instead, we calculated odds ratios to estimate the risk of thyroid cancer ('cases') relative to other cancer sites ('controls') in each county ('exposed') compared with the rest of the country ('non-exposed'). To avoid domination of the controls by a few cancer sites (e.g., lung for males and breast for females at many adult ages), the controls were formed by a weighted sample of all cancers except thyroid. This was achieved by iteratively reducing the numbers of the commonest cancers, in data for all countries combined, so that no single site contributed more than 7% to the controls in each 5-year-age-group. The numbers reached at the end of this iterative process were then divided by the corresponding numbers in the original file to obtain a set of site and age-specific weights. This set of weights was then applied to the original data in each county to create a 'weighted' control file; the control group used in the present analysis was formed from all cancers in this 'weighted' control file except thyroid. Further details of the method can be found elsewhere (Swerdlow & dos Santos Silva, in press ).
Age-adjusted odds ratios (Mantel & Haenszel, 1959 ) and test-based 95% confidence limits (Miettinen, 1976) for each county were calculated using the SAS statistical package (SAS Institute, 1988 (Campbell & Nicholson, 1989 (Registrar General, 1944-56 (Cawse & Horril, 1986 (OPCS, 1982) . The increases in incidence are more difficult to interpret. Unlike the USA, radiation therapy for benign conditions of the head and neck has never been a common practice in England and Wales (Weiss, 1979) . Using data from a survey carried out in 1957 (Ministry of Health & Scottish Home and Health Department, 1966) , we estimate that less than 2 in 10,000 children per year in Britain received radiation therapy for benign conditions of the head and trunk (data were not further subdivided by anatomical site or geographically). This was mainly for skin problems (growths, inflammations and scalp ringworm) and less then 2 per million per year was for glandular enlargements (e.g., of the thymus). These very low frequencies are likely to have decreased over time since other forms of therapy became available for these conditions. Dental x-rays are the only radiological procedure to the head and neck whose frequency has been increasing markedly in Great Britain: 40 dental x-rays were carried out per thousand population in 1957 compared to 212 per thousand in 1977, with such examinations being performed most often in older children and young adults (Kendall et al., 1980) . Iodine'31 (I'3') has been used for the diagnostic and treatment of benign thyroid disorders since the 1940s, but it does not seem to increase appreciably the risk of thyroid cancer (Hoffman, 1984; Holm, 1984) .
The first nuclear weapon explosion in the atmosphere took place in 1945 and the amount of fallout radiation then increased progressively until the 1962 test ban treaty. Levels in England and Wales were particularly high in the late 1950s and early 1960s (Medical Research Council, 1960; 1964; Hughes et al., 1989) . After the 1962 test ban treaty the level decreased, remaining low until the Chernobyl reactor accident in 1986 (Hughes et al., 1989) . However, I's' has a short half-life (8 days) and therefore is only present during periods of fallout of fresh fission products. It is deposited mainly with rain in the soils and pastures where it may be ingested by cows and concentrated in milk. Ingestion of fresh conaged 45 and over by county of residence, England and Wales, taminated milk by man leads to concentration of I'"' in the thyroid gland where it delivers radiation for only a few weeks. Other foods are very minor sources of I'3'. The highest doses are received by young children, partly because they drink so much fresh bovine milk (except if they are breastfed or fed with evaporated or dried milk) and partly because a given intake of I'"' represents a higher dose than in adults due to their smaller thyroid glands (UNSCEAR, 1977) .
Based on measurements of iodine in milk samples from different locations (Agricultural Research Council, 1959-79) and indirect estimates for the years when levels were below the limit of detection, concentrations of iodine 131 in milk from West Cumbria due to fallout have been estimated for the years 1951-82 (Stather et al., 1986) and are shown in Figure 7 . No similar estimations were done for England and (Medical Research Council, 1966) . Whether doses as small as these are carcinogenic is not known: thyroid cancers induced by external radiation are characterised by the relatively low-dosage required (there is some evidence that doses of 6.5 rads are carcinogenic) (Modan et al., 1974) , particularly if exposure occurs before puberty. Raised thyroid cancer risks have been reported in populations exposed accidentally to high levels of fallout from nuclear weapons (Conard et al., 1970) . No increase was found in a cohort of 1,378 children potentially exposed to low levels of fallout (average dose to the thyroid of 18 rads) (Rallison et al., 1974) but the sample size was too small to be able to detect small increases in risk.
The peak in female incidence risks in the 1952-55 born cohorts observed in the present study occurred in women Figure 6 Average annual total rainfall by county of England and Wales, 1955-64. who were children during the years when fallout radiation was most intense. In men, the pattern was irregular.
Cumulative doses of I13' to the thyroid for successive birth cohorts probably peaked 2-3 yrs later (in 1955-57) * (Oftedal & Lund, 1983) than the peak observed in cancer risk in females in this study, but it may be that doses at different ages should be weighted differently for carcinogenicity. The use of exact year of birth (or its calculation from single year data on age and calendar time) makes these cohort analyses more accurate than usual by avoiding the overlap of risks between generations that occurs when year of birth is imprecisely estimated from 5-year data on age and calendar time (Case, 1956) . The method used to calculate the cohort ratios tends, however, to underestimate real rises, because of the inevitable use of the overall data to generate the expected values. The most recent cohorts are still too young to be definite about their risk, particularly in men for whom the calculations were based on small numbers.
Thyroid cancer risk appears to be related to parity (Kravdal et al., 1991; Preston-Martin et al., 1987; Ron et al., 1987) , but the observed increase in thyroid cancer risk in young women born since 1920 (the first year for which England and Wales cohort parity data are available) did not parallel national trends in family size. Parity of women achieved by the end of their reproductive life increased slightly for cohorts of women born after 1920, reaching a peak for those born in the mid-1930s, and has since been declining (OPCS, *These cumulative doses were calculated for Norway which had the same temporal trends in fallout as England and Wales (Darby & Doll, 1987 ). 1991). The cohorts who had the highest thyroid cancer risks in the present study are still at childbearing ages, but their family size achieved up to now is lower than in previous cohorts (OPCS, 1991) . Potential artefacts need to be considered in interpreting incidence trends. Completeness of cancer registration in England and Wales has probably improved over time (Swerdlow, 1986) , but not enough to account for the full observed increase in thyroid cancer incidence. Recent work suggests that the degree of completeness of the national register has not improved greatly during the period (Swerdlow et al., in press ). There appears to be no direct information available on completeness for the period before 1971, but re-analysis of our data restricted to the years showed incidence trends similar in each sex to those reported here, with increases over time at younger ages and no rises at older ages. Similar trends were observed if analysis was further restricted to regions with a degree of completeness believed to be particularly good (Swerdlow et al., in (Fukunaga & Yatani, 1975) (Kendall et al., 1980 (Stocks, 1925) and for all thyroid diseases including cancer (Stocks & Karn, 1927) . In 1936, highest thyrotoxicosis death rates were sill in North and Mid Wales, and Westmorland (and Huntingdonshire) (McEwan, 1938) . This corresponds to the patterns we observed for exophthalmic goitre and thyrotoxicosis mortality in more recent years, particularly in females.
The observed parallels between the geography of thyroid cancer at older ages and mortality from benign thyroid diseases, might relate to iodine-deficiency in the past, which was particularly marked in the western part of the country (Kelly & Snedden, 1960; Philips et al., 1983) . In the 1940s, the average iodine intake in the country was estimated to be 80pg per person per day, a level well below the recommended dose of 150 fg (Wenlock et al., 1979) . Although iodised salt has never been introduced in the country (Kelly & Snedden, 1960; Wenlock et al., 1979) , the iodine content of some foods increased substantially so that, in 1977-79, the average intake was above 250 tLg per person per day (mainly from cow's milk) (Wenlock et al., 1979) . Iodine-deficiency induces thyroid tumours in animals by stimulating the release of thyroid-stimulating hormone (TSH) from the pituitary (Axelrad & Leblond, 1955) . This hormone is the principal factor regulation the growth and function of the thyroid gland (Wollman & Breitman, 1970) , and it has been suggested that increased levels might induce thyroid cancer in humans (Henderson et al., 1982) . Many case-control studies (Preston-Martin et al., 1987; Ron et al., 1987) have shown increased risks of thyroid cancer in patients with goitre or benign modules, and the prevalence of thyroid cancer seems to be higher in iodine-deficient populations than in those with normal intake (Belfiore et al., 1987) .
The disappearance (but based on small number of cases) of the focus of high thyroid cancer risks in Wales in the most recent cohorts, particularly in females, although not the increasing trend in incidence nationally, might therefore relate to more adequate iodine intakes and hence reduction in 11 P -------f Oa ,4 .~~~_ Figure 8 Exophthalmic goitre mortality by county (in non-metropolitan areas for both sexes combined), Great Britain and Ireland, 1913 -19 (modified from Campbell (1924-25) ).
iodine-deficiency in more recent generations. National schemes of distribution of free or cheap milk were implemented for children and expectant mothers in the 1930-1940s (Ministry of Agriculture, Fisheries and Food, 1951) , although levels of this element in milk were lower than now (Wenlock et al., 1979) . This might have increased iodine intake in areas where other dietary sources were inadequate.
Radiation is the best established risk factor for thyroid cancer. The increase in thyroid cancer indicence risks for successive generations of women with a peak for those born 1952-55 is consistent with an effect of fallout radiation, but the doses to the thyroid from fallout were probably very small and it is not known if they could have been carcinogenic. The similarities found between the geographical distribution of the tumour and benign thyroid disorders in the past, however, suggest that other factors associated with risk of these benign disorders may 
